Abstract. The endothelial PAS domain protein 1 (EPAS1) gene functions to sense the blood oxygen level by regulating the hypoxia-inducible transcription factor pathway, and single nucleotide polymorphisms (SNPs) of EPAS1 have been found to have a strong and positive selection in the adaptation of the native Tibetan highland population to high-altitude hypoxia. The aim of the present study was to investigate the effect of EPAS1 SNPs on the risk of acute mountain sickness (AMS) and the physiological responses to acute high-altitude hypoxia in lowland humans. Three tag SNPs (rs6756667, rs13419896 and rs4953354; minor allele frequency, ≥5%) were selected and genotyped in 603 unrelated Han Chinese men, who had traveled to Lhasa (a high-altitude hypoxia environment) by plane, using a matrix-assisted laser desorption/ionization time-of-flight mass spectrometry method. The data showed that the EPAS1 rs6756667 wild-type GG homozygous genotype was associated with elevated AMS risk compared with the AA and AG genotypes (odds ratio, 1.815; 95% confidence interval, 1.233-2.666; P=0.0023) using the dominant-model analysis. EPAS1 rs6756667 GG genotypes were also associated with higher levels of hemoglobin, red blood cells and hematocrit than those carrying the AG heterozygote during AMS development. These findings indicate that EPAS1 SNPs play a role in the physiological effects of AMS, and these effects could be further evaluated as a therapeutic strategy to control acute hypoxia-related human diseases.
Introduction
Acute mountain sickness (AMS) is a medical condition, resulting from acute exposure to high-altitude environments (generally ≥2,500 m) and is characterized by headache, dizziness, vomiting, fatigue and sleep disturbance (1, 2) . The incidence of AMS ranges from 9 to 84% with variable altitudes, ascent rates and latitudes (3) . AMS can progress to life-threatening high-altitude cerebral or pulmonary edema (4) , which seriously impacts the health of the individual and reduces physical capability. With increasing numbers of lowland individuals travelling to high plateaus for a variety of reasons, AMS has become a public health concern (5). To date, the pathophysiology of AMS has yet to be fully elucidated, although such a condition is believed to manifest neurological complications linked to hypoxia (2) . It appears that, under the same acute hypoxic conditions, certain lowland individuals are more susceptible to AMS than others (6); therefore, it is possible that genetic factors, such as the expression and variants of genes or single nucleotide polymorphisms (SNPs), play a role in AMS susceptibility.
Numerous genome-wide studies (7) (8) (9) (10) (11) and other reports (12) (13) (14) of genetic variations in native Tibetan highland populations have revealed that SNPs of endothelial PAS domain protein 1 (EPAS1), which is also known as hypoxia-inducible factor-2α (HIF-2α), have a strong and positive selection in high-altitude hypoxia adaptation and are associated with lower hemoglobin (Hb) concentrations (8) . EPAS1 encodes the oxygen-sensitive subunit of the HIF-2 transcription factor and plays a role in regulating erythropoietin (15) and vascular endothelial growth factor expression (16) under hypoxic conditions. Genetic variants of EPAS1 that are shown to be more common in highlanders may be worth investigating in lowlanders with AMS, as the advantage conferred by the variants may be beneficial under both acute and chronic hypoxia and represent the migrational selection for AMS resistance in the population at high altitude. Of the AMS genetic association studies that have been performed, each has been limited to a few individuals or other gene variants for AMS association (17, 18) . Furthermore, little is known about the association between the EPAS1 gene polymorphisms and the risk of AMS in lowlanders following Genetic variants of endothelial PAS domain protein 1 are associated with susceptibility to acute mountain sickness in individuals unaccustomed to high altitude: A nested case-control study acute exposure to high-altitude hypoxia (19) . Since the Han Chinese populate a lowland region, they are considered to represent an appropriate population for investigations into the association between genetic factors and susceptibility or resistance to AMS. In the present study, three tag SNPs [rs6756667, rs13419896 and rs4953354; minor allele frequency (MAF), ≥5%] were selected and genotyped in 603 unrelated Han Chinese men, who had traveled to Lhasa by plane, using a matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF) method. The physiological relevance of the three SNPs in the development of AMS was then assessed, in order to enhance the understanding of the molecular mechanisms associated with AMS risk and facilitate the development of a novel strategy to control AMS.
Materials and methods

Study population and AMS evaluation.
A total of 603 unrelated male Chinese Han subjects were recruited from Chongqing, China. These individuals were physical labors who traveled from Chengdu (500 m above sea level) to Lhasa, Tibet (3,700 m above sea level) by plane. One week before the trip, all the participants underwent health examinations in Xinqiao Hospital (Chongqing, China); the participants were enrolled in this study if they met the following inclusion criteria: i) Aged between 18 and 45 years; ii) of Han Chinese ethnicity and with Han Chinese parents; and iii) no history of high-altitude residency. The exclusion criteria were as follows: i) Individuals with diseases with similar clinical manifestations to AMS, such as migraine and insomnia; and ii) individuals with respiratory or cardiovascular system diseases, neuropsychosis, cerebrovascular disease, cancer or dysfunction of the liver or kidneys. The individuals were assessed using the current consensus of the Lake Louise scoring system (LLss) (20) 18-24 h after their flight to Lhasa, which took place between June 21 and 25, 2012. The individuals with an LLss score of ≥3 points and a headache were assigned to the AMS group (n=369, 61.2% of the participants), while individuals with a score of <3 points or a score of ≥3 points but no headache were assigned as a non-AMS group (n=234, 38.8% of the participants).
Ethics statement. All subjects gave their informed consent for inclusion prior to participation in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Xinqiao Hospital, Third Military Medical University (identification code, 2012014; approved May 9, 2012; Chinese Clinical Trial Register no. ChiCTR-OCS-11002213).
Data and blood sample collection. The demographic data were collected in Chongqing, China, and physiological variables were measured within 18-24 h of acute exposure to hypoxia (Lhasa, Tibet, China). Demographic data [age, body mass index (BMI), tobacco smoking and alcohol consumption] and AMS symptoms (dizziness, headache, gastrointestinal disturbance, fatigue and difficulty sleeping) were recorded using structured case report form questionnaires. The physiological variables, including blood pressure (BP), arterial oxygen saturation (SaO 2 ) and heart rate (HR), were measured once the participants had rested in the supine position for 10 min. BP was recorded using a mercury sphygmomanometer, and SaO 2 and HR were monitored using a Finger-Pulse Oximeter 503 (Criticare Systems, Inc., Waukesha, WI, USA). BMI was calculated following the measurement of the weight and height of the participants.
For blood sampling, ~5 ml venous blood was collected from each subject into EDTA tubes. Following collection, the sample was centrifuged at 492 x g for 10 min at 4˚C in order to separate the blood cells and plasma. The plasma samples were stored at -80˚C until required for serological analysis, and the isolated blood cells were immediately processed in order to extract DNA for genotyping. were selected based on two genome-wide studies (8, 14) , while rs4953354 was selected according to data from the Kunming Primate Research Center (Kunming, China) (9) . A maximally informative tag of each SNP was selected using Tagger software (http://www.broad.mit.edu/mpg/haploview), which captures all known common genetic variations in a gene based on a linkage disequilibrium (LD) threshold of r 2 ≥0.8 (22) . The inverse of r 2 represents the ratio of sample size required to detect an indirect association with a non-assayed SNP to direct an association at the same statistical power.
Selection of EPAS1
DNA extraction and genotyping. Genomic DNA from each individual was extracted using the Ezup Column Blood Genomic DNA Extraction kit (Shanghai Sangon Biotechnology Co., Ltd., Shanghai, China) according to the manufacturer's instructions and stored at -80˚C until use. To genotype these three SNPs, polymerase chain reaction primers were first designed using Assay Design software (version 3.1; Sequenom, Inc., San Diego, CA, USA) (Table I) and then synthesized by Shanghai Sangon Biotechnology Co., Ltd. MALDI-TOF (Sequenom Inc., San Diego, CA, USA) was subsequently performed for genotyping. All genotyping was performed in a blinded fashion without any knowledge of the identity of the individual, and 10% of the DNA samples were repeatedly genotyped to monitor the genotyping quality.
Statistical analysis. The statistical analyses were performed with SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). P≤0.05 was considered to indicate a statistically significant difference, or a P-value of <0.017 following Bonferroni correction for multiple testing. All continuous variables are expressed as the mean ± standard deviation. Differences between AMS and non-AMS subjects were evaluated using the Student's t-test for continuous variables and the χ 2 test for categorical variables. The Student's t-test was therefore performed to compare the number of red blood cells (RBCs), hematocrit (HCT), Hb, SaO 2 , HR and BP between different genotypes of AMS individuals (a two-tailed P≤0.05 indicated statistical significance). The allele frequencies of each SNP were calculated by gene counting, and the genotype distribution of each SNP was tested for Hardy-Weinberg equilibrium (HWE) using χ 2 analyses. Three genetic models (allele-dose, dominant and recessive) were subsequently used to assess association of these SNPs with AMS risk. The association between the genotypes and the AMS morbidity rate was calculated using χ 2 analysis. Odds ratios (ORs) with 95% confidence intervals (CIs) were adjusted for age and BMI and calculated using multiple logistic regression analyses to estimate the relative risk of AMS.
Results
Subject characteristics. The characteristics of this study cohort are summarized in Table II . In brief, there were 369 AMS cases (61.2%) and 234 non-AMS controls (38.8%) in this unmatched, nested case-control study. All participants were young Han Chinese men with a median age of 22.96±3.74 years (range, 18-45 years). No significant differences were found between the AMS and non-AMS individuals in terms of age, BMI, tobacco smoking or alcohol consumption (all P>0.05). The baseline characteristics were thus considered comparable between the two groups. The comparison of clinical characteristics between the two groups revealed that the AMS individuals had a significantly higher HR and lower SaO 2 than the non-AMS individuals (both P<0.01); however, the two groups showed similar levels of Hb, RBCs and HCT, as well as systolic and diastolic BPs (all P>0.05).
Using the LLss, which included measurements of headache, dizziness, gastrointestinal symptoms, difficulty sleeping and fatigue (23) , it was found that the incidence of these five symptoms was significantly different between the two groups, with the AMS group exhibiting significantly higher incidences than the controls (all P<0.001), particularly with regard to the incidence of headache. The total LLss score of the AMS group was 5.05±1.89, which was significantly (P<0.001) higher than that of the non-AMS group (1.56±1.17). Specifically, there were 175 individuals (47.43%) with mild AMS (LLss, 3-5) and 194 individuals (52.57%) with severe AMS (LLss, ≥5).
Association of EPAS1 SNPs with AMS risk.
In this study, three EPAS1 SNPs were genotyped in the individuals, and it was found that the overall MAF of the three SNPs (including AMS and non-AMS subjects) was similar to that reported in the HapMap III database (Tables III and IV) . The distribution of these three SNP genotypes was within HWE (P>0.05) between the AMS and non-AMS individuals.
Under an additive model and Bonferroni correction, and following adjustments for age and BMI, it was found that the SNP rs6756667 was associated with the risk of developing AMS (Table IV) . By contrast, no statistically significant association was found between rs13419896 or rs4953354 and the risk of AMS in the allele-dose, dominant and recessive models (all P>0.1).
The genotype frequencies of EPAS1 rs6756667 GG, AG and AA were 81.60% (n=301), 18.2% (n=67) and 0.3% (n=1), respectively, in the AMS group and 70.9% (n=166), Table I . Primers used in this study to detect EPAS1 26.9% (n=63) and 2.1% (n=5), respectively, in the non-AMS group. The distribution of the overall genotype frequency was significantly different between the AMS and non-AMS groups (P= 0.002). The allele frequency of G (AMS, 90.7% vs. non-AMS, 84.4%) and A (AMS, 9.3% vs. non-AMS, 15.6%) was also significantly different between these two groups. The individuals carrying the rs6756667 G allele had a 1.701-fold greater risk of developing AMS (OR, 1.701; 95% CI, 1.261-2.545; P=0.001) compared with those carrying the rs6756667 A allele. The rs6756667 GG homozygous genotype was also significantly associated with elevated AMS risk compared with the rs6756667 homozygous AA and heterozygous AG genotypes (OR, 1.815; 95% CI, 1.233-2.666; P=0.002) following the dominant model analysis; however, the recessive model analysis did not show a statistically significant association between rs6756667 and the AMS risk (OR, 8.035; 95% CI, 1.233-2.666; P=0.025).
Association between EPAS1 rs6756667 and AMS severity.
The individuals carrying the variant G allele had a significantly higher rate of mild AMS when compared with those carrying the A allele (P=0.004 and 0.018 for mild AMS using the allele-dose and dominant models, respectively). For severe AMS, the subjects carrying the variant G allele also exhibited a significantly higher rate when compared with those carrying the A allele (P=0.014, 0.008 and 0.041 for severe AMS using the allele-dose, dominant and recessive models, respectively) ( Table V) .
Association between EPAS1 rs6756667 and clinicophysiological characteristics. The SNP rs6756667 was next assessed for associations with certain clinicophysiological characteristics (RBCs, HCT, Hb, SaO 2 , HR and BP) in the AMS group. A significant association was found between the SNP rs6756667 and Hb (P=0.007), RBCs (P=0.016) and HCT (P=0.015) (Fig. 1) , but there was no evident association with SaO 2 , HR or BP (all P>0.05). The AMS patients with GG genotypes had significantly higher levels of Hb, RBCs and HCT than those with the rs6756667 AG heterozygous genotype.
Discussion
In this study, the association between three EPAS1 SNPs and the risk of AMS in a male Chinese Han population was assessed. It was found that the EPAS1 rs6756667 G allele was associated with a risk of developing AMS and that the EPAS1 rs6756667 SNP was also associated with Hb, RBC and HCT levels; AMS patients carrying the rs6756667 GG genotype Table III . Distribution of the three endothelial PAS domain protein 1 tag SNPs among the subjects. exhibited significantly higher Hb, RBC and HCT levels than those with the AG genotype. These data indicate that EPAS1 SNPs play a role in the physiological effects of AMS development in this Chinese population; however, further study is required to evaluate and confirm whether targeting EPAS1 could be a therapeutic strategy to control acute hypoxia-related human diseases.
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With regard to the association between AMS and genetic variants in humans, this study was the first, to the best of our knowledge, to investigate the potential clinical relevance of EPAS1 rs6756667, rs13419896 and rs4953354 polymorphisms in a large Chinese population. The major attraction of the use of the LD tag SNPs was that it enabled a reduction in the genotyping cost while maintaining a powerful detection system The OR was adjusted for age and body mass index using the multiple logistic regression analyses. Significant P-values of <0.017 following Bonferroni correction are shown in bold print. Allele-dose (A allele vs. G allele), dominant effect (variant homozygotes + heterozygotes vs. wild homozygotes) and the recessive effect (variant homozygotes vs. heterozygotes + wild homozygotes) were analyzed using the χ 2 test. AMS, acute mountain sickness; OR, odds ratio; CI, confidence interval.
of non-assayed causal SNPs. These tag SNPs are a subset of all variants within a chromosome region for the study of an association with a disease. In the current study, the approach to select SNPs was different from that used in other studies, such as in the study by Buroker et al (19) . In their study, one SNP (rs46441523), which contained five base pairs of nucleic acids from the start of exon 6 that had a 78% frequency difference between the highland Tibetans and the lowland Han Chinese, was assessed.
EPAS1 has 16 exons extending over 90 kb on chromosome 2, with a large first intron (50 kb) (24) . EPAS1 rs6756667, rs13419896 and rs4953354 are localized in the EPAS1 intron region and can affect the binding to various transcription factors, as indicated by bioinformatics analysis (http://www. gene-regulation.com/pub/programs.html; http://motif.genome. ad.jp). In the present study, the exonic SNPs were not selected, as a result of the lack of information on SNPs in the exons of EPAS1 in Tibetans (8) (9) (10) . Furthermore, previous studies have shown that the majority of the EPAS1 SNPs that are highly differentiated between Tibetans on the Tibetan Plateau and non-Tibetan CHB individuals only occur within the introns of EPAS1 (9, 25) . At the protein level, exposure to acute hypoxia induces rapid but short-lived responses, which often occur as a result of the modification of existing proteins; by contrast, chronic hypoxia induces responses that are delayed but durable and that depend on changes in mRNA and protein expression (26) .
A major limitation of a traditional case-control study is the potential for population stratification when inappropriate patient-control matching occurs, such as the use of healthy blood donors as the control group. To avoid a confounding association, an unmatched, nested case-control study design was selected (27) ; in the study, male lowland Han individuals were enrolled and prospectively followed, in order to determine whether those who had genetic variants had a lesser or higher risk of AMS. It was found that the rs6756667 GG genotype significantly increased the risk of developing AMS compared with the AA and heterozygous AG genotypes. The present results are consistent with those of a previous study involving individuals of a Tibetan ethnicity, including Sherpas, that was performed by Hanaoka et al (28) . Previous genome-wide studies have revealed that the rs6756667 polymorphism is significantly associated with high-altitude adaptation in Tibetans (8, 14) . Furthermore, Beall et al (8) investigated 31 SNPs, including rs6756667, and the data showed a significant association with the blood levels of Hb in Tibetans. Results from Hanaoka et al (28) indicated that EPAS1 was under selection for adaptation to the high-altitude life of the Sherpa population. Bioinformatics analysis (http://www.generegulation.com/pub/programs.html; http://motif.genome.ad.jp) has revealed that the rs6756667 site contains a non-functional domain, but cis-element activity regulates EPAS1 expression by binding certain transcription factors (CREB, CRB-BP or v-ErbA); however, additional functional studies are necessary to clarify this theory. These findings underscore a potentially important role of EPAS1 in influencing the development of life-threatening high-altitude cerebral or pulmonary edema from AMS. The analysis of patients with cerebral and pulmonary edema is likely to provide further validation.
The present study additionally assessed physiological data (Hb, HCT and RBC levels), in order to investigate their association with EPAS1 rs6756667 SNP. At sea level, Hb, HCT and RBCs are important physiological requirements for the Hb-oxygen transport system to efficiently carry and deliver oxygen to the tissues, cells and molecules of the organism (29) . The ascent to high altitude is associated with a reduction in the atmospheric O 2 level; therefore, individuals ascending to high altitude undergo the physiological stimulus of systemic hypoxia (27) , which evokes an adaptive (homeostatic) response. EPAS1 plays a central role in the response to hypoxia (30) , and hypoxia-sensing genes, including the EPAS1 pathways, are the key regulators of RBC production (erythropoiesis), development, energy metabolism, vasculogenesis, iron metabolism, cardiopulmonary regulation and tumor promotion in mammals (13, 31) . In the present study, it was found that the EPAS1 rs6756667 SNP was significantly associated with levels of Hb, RBCs and HCT in the AMS group, indicating that EPAS1 SNPs are associated with AMS development and that GG homozygotes may have an advantage over heterozygotes during this process. A previous study showed that EPAS1 was associated with certain clinical phenotypes in high-altitude illness (19) . In the study, the EPAS1 rs46441523 Table V . Association between the endothelial PAS domain protein 1 rs6756667 single nucleotide polymorphism and AMS severity.
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Mild AMS, n (%) Severe AMS, n (%) Non-AMS, n (%) P (C/G) SNP was assessed for an association with age, RBCs, HCT, Hb, SaO 2 , HR and systolic/diastolic BP among the chronic mountain sickness (CMS) and AMS groups. An association was found between age and CMS, but no association was found among the difference parameters and AMS (19) . The results may thus be complicated by different sites and subjects (including males and females). The present study does have certain limitations. First, only three, and not all, of the EPAS1 tag SNPs were selected. Furthermore, no verification study was performed using another set of samples, and the effect of the SNP that was positively associated with AMS on the expression or function of EPAS1 protein was not assessed. In addition, the complexity and difficulties in obtaining additional blood samples did not enable the plasma index to be determined in all subjects at high altitude, and the subjects were randomly selected for the routine blood examination (such as levels of Hb, RBCs and HCT). Another limitation was that the proportion of individuals with the AA genotype in the database was very low (5.6%); therefore, patients with the rs6756667 AA homozygous genotype were not included for the analysis of physiological features (Hb, RBCs and HCT) in the AMS population in the present study. Despite the limited power of the clinical association study, however, the results have shown for the first time, to the best of our knowledge, the presence of an association between the rs6756667 polymorphism and the risk of developing AMS in this male Chinese Han population.
